The vitamin A derivative retinoic acid (RA) has been suggested to play important roles in vertebrate embryonic development and cell differentiation. Vitamin A deficiency and/or excessive doses of RA are known to result in a spectrum of distinct malformations during organogenesis and pattern formation (reviewed in references 8, 19, and 49) . Two classes of receptors, RA receptors (RARs) and retinoid X receptors (RXRs), which belong to a large family of nuclear hormone receptors, mediate RA signaling. These receptors are capable of binding specific target DNA sequences in the regulatory regions of responsive genes, termed RA response elements (RAREs), to activate or repress transcription (5, 29) .
Among vitamin A metabolites, all-trans-RA (at-RA) has been shown to bind the RARs, whereas a stereoisomer of at-RA, 9-cis-RA, acts as a high-affinity bipotential ligand for both RARs and RXRs. A RAR and RXR preferentially form a heterodimer to bind RAREs consisting of a direct repeat of canonical AGGTCA sequences separated by two or five nucleotides (28) .
Three subtypes of the gene for RAR, ␣, ␤, and ␥, have been identified in chick (33) , mouse (58) , and human (22) and are expressed in distinct spatial and temporal patterns during embryogenesis. In the chick embryo, RAR␤ has been shown to be prominently expressed in the developing central nervous system and RAR␥ expression is mainly restricted to the skin, whereas RAR␣ expression is rather ubiquitous (32, 44, 48, 50) . Several isoforms exist for each subtype. In mammals, the genes for all three subtypes can be transcribed from at least two different promoters, resulting in variation at the amino termini between isoforms. For RAR␤, four distinct mRNAs result from use of alternative promoters (␤1 and ␤2) and splicing variations (59) . In chick, distinct forms of RAR␤ mRNAs display individual patterns of expression during embryogenesis (45, 48) .
One of the parameters modulating the differential expression of RARs and RXRs is RA itself. The human and mouse RAR␤2 promoters have a well-conserved RARE (the socalled ␤RARE) just upstream of the TATA box. As a result, the RAR␤2 promoters are highly inducible by RA and are considered to be one of the earliest targets of RA action (11, 51) .
In transgenic mice with the RAR␤2 promoter fused to the Escherichia coli ␤-galactosidase (␤-gal) gene, ␤-gal activity was present in the pigmented retina (31, 41) . ␤-gal staining was also observed in the eye of a RARE-␤-gal transgenic embryo. Staining was increased upon maternal treatment with RA, suggesting that in vivo, some of the morphogenetic effects of RA could be mediated through localized transcriptional activity controlled by the various RARs (2, 43) .
In chick embryos, RAR␤ transcripts can be upregulated by exogenously added RA. Implantation of RA-soaked beads in limb buds causes rapid (within 4 h) accumulation of RAR␤2 mRNA (39, 54) . This induction was also observed by Northern analysis using mRNA isolated from facial primordia (45) . Together these data strongly suggest that the mechanisms underlying the autologous regulation of RAR␤ gene expression are well conserved between mammals and avians.
TLX is an orphan nuclear receptor originally identified on the basis of its similarity to RXR; it is structurally and functionally (biochemically) homologous to the Drosophila terminal-gap gene tailless. Expression of TLX is restricted to the fore-and midbrain, neuroepithelium, retina, and nasal epithelium (18, 36, 57) . We and others have shown that the function of TLX is necessary for the proper formation of specific eye and brain structures, but the precise molecular mechanisms of its action are still being unraveled (17, 35, 56) .
Here we show that the RAR␤2 promoters and TLX proteins create the pCMX-hCOUP-TFII expression vector. The c␤RARE-tk-LUC, SETtk-LUC, SET-m␤RARE-tk-LUC, m␤RARE-SET-tk-LUC, SETm1-m␤RARE-tk-LUC, and SETm2-m␤RARE-tk-LUC reporter plasmids were prepared by inserting the synthetic oligonucleotides c␤RARE (agctTGGGTTCACAGAAA GTTCACTCGagct), SET (agctTGGGTCATTTGAAGGTTAGCagct), SETm1 (agctTGAACCATTTGAAGGTTAGCagct), SETm2 (agctTGGGTCATTTG AAAACTAGCagct), and m␤RARE (agctTAAGGGTTCACCGAAAGTTC ACTCGCATagct) into the HindIII site of a tk-LUC basal luciferase reporter or m␤RARE-tk-LUC reporter. The mouse RAR␤2-⌬2.2k-LUC promoter reporter plasmid was made by inserting a 2.2-kb fragment (including the transcription start site of mouse RAR␤2) into the SalI/XhoI site to replace the tk promoter of the tk-LUC reporter plasmid. For the chick RAR␤2-⌬119-LUC, first, the PCR-amplified fragment with NMO2 and NMO7 (5Ј-AAGCTCTG TGAGAATCCTGGGAG-3Ј), which encodes the Ϫ119 to ϩ68 region of the chick RAR␤2 promoter, was ligated into the TA cloning vector pMOSBlue (Amersham). The HindIII/BamHI fragment was excised for ligation into the HindIII/BglII site to replace the tk promoter of the tk-LUC reporter. For the chick RAR␤2-⌬85-LUC and the mouse RAR␤2-⌬66-LUC, first, the PCR fragment-amplified with KMO45 (5Ј-GTACGTCGACTGGGTCATTTGAAGGTTA GCAG-3Ј) and NMO2 or with NMO5 (5Ј-GGTGGATCCAGCAGCCCGGGA AGGGTTCACCGAA-3Ј) and NMO6 (5Ј-GTACTCGAGGCACGGGAACT CTGGTCCCCCCCTT-3Ј) was excised with BamHI and SalI or XhoI. The fragment was ligated into the SalI/BglII or BamHI/XhoI site, respectively, to replace the tk promoter of the tk-LUC reporter. Sequences of the PCR-amplified region were confirmed by standard methods. Gel retardation assays. Proteins were synthesized by an in vitro transcriptiontranslation system using rabbit reticulocyte lysate (Promega) with plasmid pCMX-hRAR␣, pCMX-hRXR␣, pCMX-cTLX, or pCMX-hCOUP-TFII. For binding, 4 l of lysate was incubated first in 10 mM Tris-HCl (pH 8.0), 80 mM KCl, 1 mM dithiothreitol, 0.1% NP-40, 1 g of poly(dI-dC), and 7.5% glycerol on ice for 20 min. Excess unlabeled competitor oligonucleotides, when included, were added during this preincubation period. Then 0.2 to 0.6 pmol of 32 P-labeled oligonucleotide (3 ϫ 10 5 cpm, prepared by filling in with Klenow polymerase in the presence of [␣-32 P]dCTP) probe was added to the reaction, followed by incubation on ice for 30 min. The protein-DNA complexes were resolved on a 5% polyacrylamide gel in 0.5ϫ Tris-borate-EDTA buffer. Gels were subsequently dried and subjected to autoradiography. The same oligonucleotides described in plasmid constructions were used for gel retardation assays for SET, m␤RARE, and SET-m␤RARE. The Krüppel oligonucleotide was described previously (57) . The sequence of the nonspecific competitor is agctACAAGGTTC ACGAGGTTCACGTCagct.
Nucleotide sequence accession numbers. The sequences reported in this paper have been deposited in the GenBank database (accession no. AF220160, AF220161, AF220162, and AF220163 for the chick RAR␤2 promoter region and RAR␤4Ј, RAR␤4M, and RAR␤4MЈ cDNA and AF220532 for human TLX cDNA.
RESULTS

Induction of RAR␤ expression in chick retina cells.
The expression of RAR␤s in chick embryonic retina cells was examined by reverse transcription-PCR. Three distinct bands were observed by agarose gel analysis (Fig. 1 ). Subcloning and subsequent DNA sequencing of the PCR products revealed the presence of five RAR␤ isoforms; in addition to the previously reported ␤2 and ␤4 (38, 48), three were novel (Fig. 1 ). These isoforms are apparently generated by alternative splicing and differ only in their amino termini (Fig. 1) . The chick RAR␤4M (corresponding to mouse RAR␤4) isoform lacks an apparent acceptor sequence (AG) at nucleotide positions 617 and 618, suggesting the presence of an intron between nucleotides 618 and 619; an intron is present at the analogous position in mouse RAR␤ (37) . In cultured retina cells, the expression of all RAR␤2 isoforms is induced within 12 h of addition of at-RA ( Fig. 1) . In contrast, the RAR␤1 isoform appears not to be affected by exogenous at-RA, indicating a specific role for the RAR␤2 promoter in retina cells (Fig. 1) .
Determination of chick RAR␤2 promoter sequence. To compare the mammalian and avian RAR␤2 promoters, we isolated the chick RAR␤2 promoter region by genomic PCR. To accomplish this, 5Ј primers were designed based upon the wellconserved human and/or mouse sequences, while 3Ј primers were designed based on chick-specific sequence from within the cDNA. Over 90% sequence identity was observed among human, mouse, and chick genes in the 150-bp region surround-ing the transcription start site. The high conservation in sequence also allowed prediction of the putative transcription start site for the chick gene (11) . We confirmed the presence of a cyclic AMP RE, AP-1 binding site (TRE), RARE (␤RARE), RNA polymerase initiator site (INR), and TATA box (12) that are conserved in mouse and human. Some short upstream open reading frames (uORFs) which have been reported to regulate the translational level of mouse RAR␤2 were also found ( Fig. 2) 
(42).
Induction of RAR␤2 promoter by at-RA is cell type specific. As an initial step to characterize the function of the chicken RAR␤2 promoter, we generated a luciferase reporter construct and confirmed the ability of this region to direct RAR␤2 transcription by transient transfection in primary cultured chick embryonic retina cells. Promoter activity could be induced by at-RA concentrations as low as 0.1 M (Fig. 3A) . Activation by 9-cis-RA or a RAR-specific agonist (TTNPB) but not by a RXR-specific agonist (LG69) was also observed. These results suggest that the induction of RAR␤2 expression is mediated primarily by RAR, not RXR.
Using this promoter construct, we examined the at-RA sensitivity of the RAR␤2 promoter in the monkey fibroblast cell line CV-1 and mouse osteoblast cell line MC3T3-E1. Although promoter activity can also be induced by at-RA in these cell lines, the level of induction is much lower than that observed in the retina (Fig. 3B) . These results, consistent with other reports, indicate that there is cell type-specific modulation of promoter activity and/or at-RA sensitivity (10, 15, 26, 46) .
Orphan receptor TLX potentiates at-RA induction of RAR␤2 promoter. To investigate whether the above cell type specificity is a result of the amount of RARs and/or RXRs expressed in the cells, we tested the effect of overexpression of RARs or RXRs in CV-1 cells. RAR␣ or RXR␣ only weakly potentiated at-RA induction of the RAR␤2 promoter (Fig. 4A) . RAR␤, RAR␥, RXR␤, RXR␥, or combinations of RARs and RXRs were also unable to significantly potentiate at-RA induction (data not shown). We examined the effect of various orphan nuclear receptors and found that TLX, which is expressed in retina, fore-and midbrain, and nasal epithelium, potentiated at-RA response in CV-1 cells (Fig. 4A ). This effect was observed using chick, mouse, and human TLX constructs on both chick and mouse RAR␤2 promoter reporter constructs, indicating that conservation of TLX-mediated at-RA signaling has occurred through evolution (Fig. 4B to D) . These results, along with the fact that primary chick retina cells but not CV-1 or MC3T3-E1 cells (R. T. Yu, unpublished results) express high endogenous levels of TLX, suggested the involvement of TLX in activation of the RAR␤2 promoter in retina cells.
Identification of a TLX-responsive element. To investigate the mechanism by which TLX modulates RA activation of the RAR␤2 promoter, we made a series of deletion constructs. In chick retina cells, these constructs were equally induced by at-RA, thus posing difficulty for identification of the TLXresponsive element using this system. CV-1 cells, on the other hand, lack endogenous TLX and thus served as a good system for this analysis. Transient transfection of the above deletion constructs revealed that fragments as short as Ϫ85 relative to the transcription start site were sufficient and that the region between Ϫ85 and Ϫ66 was necessary to observe the TLX effect on at-RA response (Fig. 4D) . Examination of this region revealed the presence of a putative RARE. Based on its function as described below, this element is referred to as the silencing element relieved by TLX (SET) and is conserved between mammalian and avian RAR␤2 promoters ( Fig. 4D and 5A) FIG. 1. Induction of RAR␤2 isoforms by RA in chick retina cells. RNAs were reverse transcribed and amplified with chick RAR␤2-, ␤1-, or ␤-actinspecific primers. Three major bands were resolved by 1.2% agarose gel in Trisborate-EDTA buffer for RAR␤2 isoforms with apparent estimated sizes of 514, 288 to 291, and 155 to 158 bp. The expression of RAR␤2 isoforms is induced by 1 M at-RA within 12 h in chick retina cells. No induction was observed 36 h after medium change in the absence of exogenous at-RA. Note that the expression of RAR␤1 or ␤-actin transcripts is not affected by at-RA. Donor and acceptor sites for splicing are indicated in the schematic representation of chick RAR␤ isoforms (see Fig. 2 for details). The nomenclature of RAR␤ isoforms is based on correlation to mouse and human RAR␤ isoforms.
FIG. 2.
Nucleotide sequence and predicted amino acid sequence of chick RAR␤. PCR primers used are indicated by arrows. The putative transcription start site is designated ϩ1. The cAMP RE (CRE), AP-1 binding site (TRE), ␤RARE, TATA box, and RNA polymerase initiator site (INR) sequences are indicated by boxes. An asterisk ‫)ء(‬ indicates the 5Ј end of the cDNA confirmed by cDNA library screening. Splicing donor and acceptor sites are indicated by "d" and "a", respectively. The boxed CTG indicates the non-AUG initiation codon proposed for the mRAR␤4 transcript (37) . The large arrow indicates the common region for all RAR␤ transcripts. The regions of short uORFs (uORF2 to -5) reported for mouse RAR␤2 (42) are underlined, and regions highly conserved between mammals and avians are indicated by shaded boxes. COUP-TF-RE (26) and SET sequences are indicated by double and bold underlines, respectively. (10, 11, 47) . To test the at-RA and TLX responsiveness of SET, we subcloned each element into a luciferase reporter driven by a tk minimal promoter. Transient transfection analysis revealed that SET does not function as a RARE in chick retina cells that express a high endogenous level of TLX (Fig.  5B) . Consistent with the transfection results, gel retardation assays revealed that RAR-RXR heterodimers cannot bind to SET (Fig. 5C ). TLX binds to neither SET nor ␤RARE (Fig. 5D ) and does not appear to affect the binding activity of RAR-RXR to a composite ␤RARE-SET (Fig. 5E) . Likewise, COUP-TFII, another orphan nuclear receptor shown to be important for the at-RA dependent activation of the RAR␤2 promoter (26), did not affect the binding of RAR-RXR to ␤RARE-SET (Fig. 5E) .
Reconstitution of a TLX-sensitive promoter with SET and ␤RARE. Similar to the situation observed with the deletion constructs, tk-luciferase constructs containing ␤RARE with or without SET showed the same level of induction by at-RA in chick retina cells (Fig. 6A) . Using CV-1 cells, we could examine the effect of TLX more clearly. SET does not function as a RARE in CV-1 cells, and separately, neither SET nor ␤RARE confers an effect in response to TLX in CV-1 cells (Fig. 6B and  C) . However, when SET and ␤RARE are introduced together in a tk-luciferase reporter, the at-RA induction conferred by ␤RARE is suppressed (Fig. 6C and D) and expression of TLX relieves this silencing effect (Fig. 6C and D) . This effect of SET on ␤RARE appears position independent; similar results were observed when the relative positions of SET and ␤RARE were flipped (Fig. 7B) . The ability of TLX to restore the promoter activity of SET-␤RARE to the same level obtained with ␤RARE alone but no further and the inability of TLX to directly bind either SET or ␤RARE suggest that SET binds a putative repressor which can be sequestered by TLX.
The silencing effect of SET is independent of that of TRE or COUP-TF-RE. To see if the silencing effect of SET is related to TRE or COUP-TF-RE (26), we introduced mutations in the region of SET overlapping with or outside those elements ( Fig.  2 and 7) . Mutations introduced within the overlapping region retain the silencing effect to some extent, making interpretation difficult. However, mutations introduced outside the overlapping region clearly resulted in loss of the suppression effect of SET in CV-1 cells (Fig. 7) , showing that elements in the SET region independent of TRE or COUP-TF-RE are indispensable for the SET silencing effect.
DISCUSSION
Evolutionary conservation of promoter region and splicing variations of RAR␤2. Autoregulation of RAR␤ transcripts by at-RA has been reported in human, mouse, and chick (11, 39, 45, 51, 54) . We demonstrated that in chick the RAR␤2 promoter is responsible for this autoregulation and that RAR(s), not RXR(s), appears to be the primary target of RA. Comparison of the chick RAR␤2 promoter region with that of human and mouse revealed a strong overall conservation of structural organization, 90% in the 150-bp region surrounding the transcription start site. As for mouse, chick embryonic retina cells also express several isoforms of RAR␤ mRNAs. Some of the short uORFs (uORF2 to -5) which are hypothesized to be important for regulating translation of the transcripts (42) , as well as the CTG start codon proposed for mouse RAR␤4, are conserved in chick (Fig. 2) (37) . Together with the report that the RAR␤4 is functionally tumorigenic compared to the ␤2 isoform (3), our results suggest a conserved indispensable role for the autologous regulation and splicing variation of the RAR␤ gene.
Cell type-specific regulation of RAR␤2 promoter by TLX. To date much effort has been spent to elucidate the underlying mechanism of RAR␤2 promoter activation by RA (4, 7, 9, 13, 34) . Proteins, such as E1A and COUP-TFs, have been shown to be involved in the cell type-specific regulation of RAR␤2 promoter activity (15, 26, 46) . Here we show that the orphan nuclear receptor TLX acts as a cell type-specific regulator for RAR␤2 promoter activity. We identified a TLX- responsive   FIG. 4 . TLX induces RA response to RAR␤2 promoter activity in CV-1 cells. (A) cRAR␤2 promoter-driven luciferase reporter plasmids were transfected as described for Fig. 3B with receptor plasmids. TLX enhances at-RA induced promoter activity better than does RAR or RXR. (B) Highly conserved structure of TLX proteins. Differences in amino acids compared to those for human TLX are indicated in parentheses. (C) The sensitizing effect of TLX is conserved during evolution. cRAR␤2 promoter-driven luciferase reporter plasmids were transfected as described for Fig. 4A . Enhancement of at-RA-induced promoter activity is seen with all TLX constructs. (D) Identification of TLX-responsive element on RAR␤2 promoter region. Numbering corresponds to nucleotide positions of the chick RAR␤2 promoter sequence given for Fig. 2 . Sequential deletion constructs were examined for at-RA-dependent transactivation with or without the presence of TLX. Chick TLX and mouse sequence (for I and IV) or chick sequence (for II and III) was used. Chick, mouse, and human RAR␤2 promoter regions are aligned. Dashes indicate homology with chick sequence.
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on February 23, 2013 by PENN STATE UNIV http://mcb.asm.org/ element, SET, as a cell type-specific enhancer by deletion analysis of the RAR␤2 promoter. SET acts as a cell type-specific repressor in fibroblasts, and TLX is able to relieve this silencing effect of SET. TLX is a member of the nuclear receptor subfamily II, which consists of TLX, photoreceptor-specific nuclear receptor (PNR), COUP-TFs, RXRs, hepatocyte nuclear factor 4 (HNF-4), and TR2 (6, 14, 21) . We have shown that TLX can downregulate Pax2 expression by direct binding to its promoter region (56) . COUP-TFs are also known to repress the transcription of various genes through the COUP-TF binding element (52) , and overexpression of COUP-TFs in CV-1 cells can repress RAR␤2 promoter activity (M. Kobayashi and K. Umesono, unpublished results).
However, the expression level of COUP-TFs has been reported to be positively correlated with the at-RA responsiveness of the RAR␤2 promoter in human cancer cell lines (26) . COUP-TFs have also been reported to act as auxiliary cofactors for HNF-4 in the activation of the liver-specific HNF-1 promoter (23) . COUP-TFs do not directly bind to the promoter but influence promoter activity through protein-protein interaction with HNF-4. TLX may similarly interact with a repressor protein that binds to SET and through this interaction relieve its repression. It is also possible that TLX and the SET binding protein may compete for a cofactor. The intact structure of TLX appears to be required, as overexpression of the TLX DNA binding domain or ligand binding domain alone does not potentiate activation (data not shown). Overexpression of the TLX DNA binding domain fused to the VP16 activation domain or engrailed repressor domain (56) likewise did not potentiate activation (data not shown). These results suggest that potentiation likely does not occur through the direct DNA binding activity of TLX. COUP-TFs as well as RAR-RXR heterodimers have been reported to enhance the activation of the estrogen receptor (ER) promoter together with ER upon the addition of estrogen (25) . This interaction of COUP-TF and ER on the ER promoter resembles to some extent the relationship between TLX and RAR on the RAR␤2 promoter.
Together, these observations appear to suggest that enhancement or repression by TLX and/or COUP-TFs is highly dependent on other factors specific to individual cell lines and/ or each promoter context. Given that we were able to reconstruct TLX-responsive ability with SET and ␤RARE in the context of the tk promoter, our finding provides an important step towards revealing some of the mechanisms behind transcriptional regulation by cell-specific factors.
To further explore the transcriptional mechanisms involving TLX, the identification of its interacting protein is necessary. Recently, Lin et al. found that at-RA-dependent RAR␤2 transcription requires direct binding of COUP-TFs to the element overlapping SET on the RAR␤2 promoter and that COUPTFs enhance the interaction of RAR with its coactivator, CREB-binding protein (Fig. 2) (26) . However, we found that introducing mutations in the SET region outside the COUP-TF-RE resulted in loss of the suppression effect of SET in CV-1 cells (Fig. 7) . Therefore, it seems that the effect of SET that we observed occurs through distinct mechanisms.
Based on analogy with other nuclear receptors, corepressor proteins, such as SMRT and Nco-R, are good candidates for TLX-interacting protein (reviewed in reference 30). Whether the effect of SET and TLX might also be applicable to different REs for other RXR heterodimers is an intriguing future question too, and such studies may reveal other aspects of TLX function.
The function of TLX and RAR␤ in eye development. The importance of TLX function in vertebrate eye development has been implicated by gene knockout experiments in mice and the introduction of dominant-negative and dominant-active TLX constructs in chick and Xenopus (17, 56) . These observations suggest that TLX is involved in the signaling pathways regulating various steps in retina and optic nerve formation and maintenance. Northern and in situ hybridization analyses of early chick embryos confirmed its restricted expression in fore-and midbrain and retina (57; Yu and Kobayashi, unpublished results). In this report, we showed that the signal transduction pathways controlled by RAR␤ can also be influenced by TLX. This finding is significant because although gene knock- out and transgenic experiments in mice have suggested the importance of RAR␤ in eye development (16, 19, 20, 27) , little is known about its upstream regulation.
Considering the high degree of structural and functional conservation of TLX and the RAR␤2 promoters, it is reasonable to predict a fundamental role for TLX in the regulation of RAR in eye development. Our findings should provide a new contribution to better understanding of the complexity underlying the mechanisms of eye development.
